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OSCILLATOR AND COMMUNICATION
SYSTEM USING THE SAME

CLAIM OF PRIORITY

The present application claims priority from Japanese
Patent Application JP 2007-233853 filed on Sep. 10, 2007,
the content of which 1s hereby 1incorporated by reference into
this application.

FIELD OF THE INVENTION

The present invention relates to an oscillator and a com-

munication system using the same, and particularly, to an LC
cross-coupled oscillator that 1s suitable for generating a car-
rier wave signal of a communication system and a radar
system of a resonator microwave or a millimeter wave fre-
quency band, and a communication system using the same.

BACKGROUND OF THE INVENTION

An example of the LC cross-coupled oscillator that
includes a resonator configured by an inductor and a capacitor
1s disclosed in JP-A-2004-260301. Further, in D. B. Leeson,
“A Simple Model of Feedback Oscillator Noise Spectrum”,
Proc. IEEE, vol. 54, pp. no. 2, 329-330, February 1966, a
phase noise power of an oscillator in a small signal model 1s
disclosed. Further, in A. Hajimiri and T. H. Lee, “A general
theory of phase noise 1n electrical oscillators” IEEE J. Solid-
State Circuits, vol. 33, pp. 179-194, February 1998, a phase
noise power in the large signal model 1s disclosed. Further-
more, an example of an oscillator 1n which the tail current
source 1s removed from an LC cross-coupled oscillator and a
common ground point of a differential amplifier 1s directly
connected with a circuit ground 1s disclosed in Ping-Chen
Huang, “A 131 GHz Push-push VCO 1n 90-nm CMOS Tech-
nology”, IEEE RFIC, 2005. An example of an LC cross-
coupled oscillator that does not have a tail current source 1s
described in T. Song, “A 5 GHz Transformer-Coupled CMOS
VCO Using Bias-Level Shifting Technique”, IEEE RFIC
2004,

SUMMARY OF THE INVENTION

The phase noise 1s an important indicator that represents
the performance of an oscillator. The output spectrum of an
ideal oscillator 1s exemplified by a line spectrum, but the
spectrum of an actual oscillator has a skirt characteristic when
the oscillation frequency extends at both sides. The phase
noise 1s defined as the ratio of an oscillation output level of the
oscillation frequency and a noise level of a frequency that 1s
different from the oscillation frequency by a predetermined
frequency. The characteristic of the phase noise 1s regarded as
the most important characteristic because 1t 1s required to
maintain the quality of the communication system and trans-
mit information without an error.

According to the above-mentioned D. B. Leeson, the phase
noise power ol an oscillator 1n the small signal model 1s
represented by the following Equation 1.

FvKT (1)

Py

L 1 Jo fe ( Jo

2 3
S(ﬁf)lengl+Af2(2Q] +Af3(2Q]

+ 10Log

Here, fc, Af, Q, P,, and Fv indicate an oscillation fre-
quency, an oflset frequency from Ic, a quality factor of a
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2

resonator, an oscillation power, and a noise factor of the
oscillator, respectively. The noise factor represents a level of
a noise component that 1s generated 1n the oscillator, and 1s
caused by a transistor or a resistive component that generates
a thermal noise. Basically, Fv depends on the number of
transistors and the number of resistors 1n a circuit. In the case
ol an oscillator mounted 1n an integrated circuit, a channel
thermal noise that 1s generated from the transistor serves as
the main factor among the noise components that are involved
in Fv.

On the other hand, according to the above-mentioned A.
Hajimirn and T. H. Lee, the phase noise power 1n the large
signal model 1s represented by Equation 2.

i Ei Cﬁ ] (2)
n=>0

S(Aw) = 10Log 12 A

(r 1s an integer)

Here, q. . 1, and C 1indicate the amount of maximum
stored charges at an oscillation node, the amount of 1njected
noise current, and a Fourier coefficient when the oscillation
wavelorm 1s Fourier series expanded, respectively.

Theq, . andi1 areparameters thatrelate to Po and Fvinthe
above-mentioned Equation 1. As q, _becomes larger and 1,
becomes smaller, the phase noise 1s improved. Here, C 1s a
coellicient that represents a distortion component of the oscil-
lation wavetform. In the case of an 1deal sine wave without
distortion, 1f n>1, C_ 1s 0. Further, 1n the case of an actual
clectronic oscillator, if n>1, C,_ 1s not O by the influence of the
nonlinearity of the transistor. It 1s apparent from Equation 2
that when C_ 1s small, that 1s, the distortion of the oscillation
wavelorm 1s small, the phase noise 1s improved.

According to Equations 1 and 2, the following four factors
are important to reduce the phase noise: (1) increase 1n oscil-
lation amplitude, (2) increase 1 QQ of a resonator, (3) reduc-
tion of the noise factor caused by the thermal noise of a
transistor and a resistor, and (4) lowering of the distortion of
an oscillation waveform.

FIG. 18 1s a circuit diagram showing an example of a LC
cross-coupled oscillator according to the related art. This
oscillator includes a differential amplifier circuit that includes
Q1 and Q2, and a load that includes an LC resonator 1. An
output signal of the differential amplifier circuit 1s extracted
from a drain terminal, and a frequency of the output signal 1s
selected and amplified by an LC resonator 1 that has a reso-
nant frequency adjusted to a desired oscillation frequency.
Thereatter, the output signal i1s mput to a gate terminal of
another transistor. The oscillation operation may be generated
and maintained with a desired frequency by repeating this
operation. A tail current source I1 that 1s connected with a
common ground part of the differential amplifier circuit sup-
presses the amplitude of the oscillation signal to a constant
value during the oscillating operation and reduces the distor-
tion of the oscillation wavetform.

On the other hand, FIG. 19 shows an oscillator that
excludes the tail current source from the LC cross-coupled
oscillator of FIG. 18, and directly connects the common
ground point of the differential amplifier with a circuit
ground. When the oscillator 1s configured as above, since the
voltage drop does not occur 1n the tail current source, the
amplitude becomes larger than that of the oscillator shown 1n
FI1G. 18. Moreover, since the transistors and the resistors that
configure the tail current source are excluded, the noise factor
of the oscillator can be lowered. As a result, two of the
above-described four factors, that 1s, (1) increase 1n oscilla-
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tion amplitude and (3) reduction of the phase noise according,
to the reduction of the noise source are effective 1n reducing,
the phase noise.

However, two problems exist in the oscillator shown in
FIG. 19. These problems will be described with reference to
FIG. 20. FIG. 20 shows typically a gate-drain voltage and a

drain current during an oscillation operation of the oscillator.
As shown 1n FIG. 20, the dotted line 10 indicates the bound-

ary between a triode region and a saturation region of a
transistor and the condition 1s shown by Equation 3.

(3)

In the saturation region, the drain current 1s not effected by
the drain-source voltage. Therefore, the output resistance in
the saturation operating region 1s high. On the other hand, in
the triode region, the drain current 1s almost linearly propor-
tional to the drain-source voltage. Therefore, the output resis-
tance 1n the triode region 1s low. The solid line 11 1n FIG. 20
indicates the characteristics of a drain voltage and a drain
current: line 11(a) indicates that V __ is small, line 11(5) indi-
cates that V_ 1s medium, and line 11(¢) indicates that V_ is
large.

Reference numeral 40 1n FI1G. 20 denotes the characteristic
of the gate-drain voltage and a drain current of a transistor
during the oscillation operation of the cross-coupled oscilla-
tor shown in FIG. 18. The oscillator shown in FIG. 18 has a
small oscillation amplitude as shown by the characteristic 40
due to the constant current of the tail current source I1 and the
amount of voltage drop of the tail current, as described above.
As aresult, the oscillation wavetorm has low distortion. In the
meantime, since the oscillator shown 1n FIG. 19 does not
include the tail current source 11, the gate-source voltage that
controls the drain current serves as the magnitude of the
oscillation amplitude voltage. Further, as shown by the char-
acteristics 30, the gate-source voltage does not reach the
saturation region ol an MOS transistor, but enters the triode
region. FI1G. 21 shows transient wavelorms of a gate terminal
VG and a drain terminal VD and a transient waveform of a
drain current ID of the oscillator shown 1n FIG. 19. The output
resistance of the transistor can be represented by the amount
of changed drain current according to the change of the output
voltage as described above. The smaller the amount of change
1s, the larger the output resistance 1s. As known from the drain
voltage and drain current characteristics 11 shown in FI1G. 20,
the output resistance of the MOS ftransistor 1n the triode
region (linear operation region of FIG. 21) remarkably
decreases as compared with the output resistance in the satu-
ration region. In the LC cross-coupled oscillator, the output
resistance of the transistor 1s connected with a resonator 1 in
parallel. Generally, the output resistance in the triode region 1s
smaller than an impedance of the resonator 1 at a resonant
frequency, that 1s, the oscillation frequency. Therefore, the
resonant impedance 1s lowered to deteriorate a Q-factor. Fur-
ther, the periodic change 1n impedance causes the distortion
of the oscillation wavetorm. As a result, the oscillator of FIG.
19 can obtain the effects, such as (1) increase 1n oscillation
amplitude and (3) reduction of the noise factor Fv to improve
the phase noise, but problems, such as (2) increase in Q of a
resonator and (4) distortion of an oscillation waveform also
remain. Therefore, the oscillator 1s mefiective for reducing,

the phase noise.

FI1G. 22 shows an oscillator in which the tail current source
I1 of the LC cross-coupled oscillator shown in FIG. 18 1s
disposed at a power supply voltage VDD side. In this oscil-
lator, even though a common source terminal of a differential
pair 1s directly connected to a ground, a constant current 1s

VE'S = VGS_ VT H

10

15

20

25

30

35

40

45

50

55

60

65

4

supplied from a top current source. Therefore, the operation
principle has the same problems as the oscillator shown 1n
FIG. 18.

FIG. 23 1s an oscillator that has a DC component cut from
a drain output terminal of a transistor by a capacitor C3, input
to a gate terminal of another transistor, and then bias-shifted
to the gate terminal with a direct current that 1s lower than a
direct current of the drain output terminal 1n the LC cross-
coupled oscillator that does not have the tail current source
shown 1n FIG. 19. Further, a signal attenuation circuit 7 may
be 1nserted between the capacitor C3 and the gate terminal.
An example ol the above described oscillator1s disclosed in T.
Song.

According to the example of FIG. 23, by lowering a bias
voltage of the gate terminal, as shown by the characteristics
40 shown 1n FIG. 20, even though the amplitude voltage of the
drain terminal becomes larger, the condition of the saturation
region represented by Equation 3 can be satisfied, which
makes 1t possible to prevent the transistor from operating in
the triode region of the transistor.

The above-described LC cross-coupled oscillator shown in
FIG. 23 1s connected from the drain terminal to which a
resonator 1s connected, to a gate of another transistor through
a capacitive element C3 or an attenuator 7. Therefore, the
oscillation amplitude 1n the gate terminal becomes smaller
than the oscillation amplitude of the drain terminal.

However, according to the cross-coupled amplifier of FI1G.
23 1n which the amplitude of the gate terminal 1s small (that 1s,
the gate-source voltage 1s small), a tail current source I1 1s
excluded, and the distortion of the output amplitude 1s low-
ered without deteriorating the (Q-factor, which improves the
phase noise. However, there 1s still problem in that the phase
noise elfect followed by the increase in the amplitude can not
be obtained. That 1s, the oscillator shown in FIG. 23 can
solves two among the factors to improve the phase noise, that
1s, (3) reduction of the noise factor Fv and (4) lowering of the
distortion of an oscillator wavetorm, but the trade-oit rela-
tionship that (1) the oscillation amplitude 1s decreased may be
caused.

An object of the mvention 1s to provide an LC cross-
coupled oscillator in which a common source terminal of a
differential pair 1s directly connected to a ground, which 1s
capable of increasing the oscillation amplitude of the gate
terminal and lowering the distortion of the oscillation ampli-
tude without deteriorating the Q-factor of the resonator,
which results in increasing the oscillation amplitude, reduc-
ing the noise factor Fv, and reducing the distortion of the
oscillation wavetorm. Thereby, it enables to provide an oscil-
lator having an excellent low phase noise characteristic and a
communication system using the same.

According to an exemplary embodiment of the invention,
an oscillator comprising: a differential amplifier that includes
a pair of transistors commonly grounded; and a pair of reso-
nators each of which includes a first terminal, a second ter-
minal, and a third terminal, wherein each of the resonators 1s
configured by a feedback loop 1n which the first terminal 1s
connected to an output terminal of one of the transistors of the
differential amplifier, and the second terminal 1s connected to
an 1nput terminal of the other transistor of the differential
amplifier, and wherein, 1n each of the resonators, a transfer
impedance from the first terminal connected to the output
terminal of the one transistor to the second terminal con-
nected to the mput terminal of the other transistor 1s larger
than a drniving-point impedance of the first terminal at an
oscillation frequency.

According to the exemplary embodiment of the invention,
it 1s possible to simultaneously satisty the increase in the
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oscillation amplitude, the removal of the tail current source
(or top current source) that serves as the noise source, and
reduction of the distortion of the oscillation waveform with-
out deteriorating the (Q-factor which cause the trade-oif rela-
tionship with the related art, thereby achieving an oscillator
that has a low phase noise characteristic and a communication
system using the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram showing a circuit configuration
of an oscillator according to a first embodiment of the present
imnvention;

FIG. 2 1s a diagram showing the correspondence between a
gate-drain voltage and a drain current of the oscillator accord-
ing to the first embodiment of the invention;

FIG. 3 1s a diagram showing an SNR of an output current
with respect to a gate-source voltage of a transistor of the
oscillator according to the first embodiment of the invention;

FI1G. 4 1s a circuit diagram showing a circuit configuration
of an oscillator according to a second embodiment of the
invention;

FIG. 5A 1s a verification circuit diagram for a resonator of
the second embodiment of the invention;

FI1G. 3B 1s a diagram showing a frequency characteristic of
the resonator shown 1n FIG. 5A;

FIG. 5C 1s a diagram showing a frequency characteristic of
the resonator shown 1n FIG. 5A;

FIG. 6 1s a diagram showing a transient waveform of the
second embodiment of the invention;

FI1G. 7 1s a circuit diagram showing a circuit configuration
of an oscillator according to a third embodiment of the mnven-
tion;

FI1G. 8 1s a diagram showing a frequency characteristic of a
resonator of the third embodiment of the invention:

FIG. 9 1s a diagram showing a transient wavelorm of the
third embodiment of the invention:

FI1G. 10 1s a circuit diagram showing an oscillator accord-
ing to a modification of the third embodiment of the mven-
tion;

FIG. 11 1s a circuit diagram showing a circuit configuration
of an oscillator according to a fourth embodiment of the
imnvention;

FIG. 12A 1s a circuit diagram for verifying a resonator that
composes the fourth embodiment of the invention;

FIG. 12B 1s a diagram showing a frequency characteristic
in the verification circuit diagram for the resonator shown 1n
FIG. 12A;

FI1G. 12C 1s a diagram showing a frequency characteristic
of the resonator shown 1n FIG. 12A;

FIG. 13A 1s a diagram showing an example of a layout
when the oscillator shown 1 FIG. 10 1s mtegrated 1n an IC
chip:

FIG. 13B 1s a diagram showing an example of a layout
when the oscillator shown in FIG. 11 1s integrated i an IC
chip;

FIG. 14 1s a circuit diagram showing an oscillator accord-
ing to a modification of the fourth embodiment of the mven-
tion;

FI1G. 15 1s a circuit diagram showing a circuit configuration
of an oscillator according to a fifth embodiment of the mven-
tion;

FI1G. 16 1s a diagram showing a frequency characteristic of
a resonator of the fifth embodiment of the invention;

FI1G. 17 1s a circuit diagram showing a circuit configuration
of an oscillator according to a sixth embodiment of the mnven-
tion;
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FIG. 18 1s a circuit diagram showing an oscillator accord-
ing to a first related (prior) art;

FIG. 19 1s a circuit diagram showing an oscillator accord-
ing to a second related art;

FIG. 20 1s a diagram showing a correspondence between a
gate-drain voltage and a drain current 1n the oscillator accord-
ing to the second related art;

FIG. 21 1s a diagram showing transient voltage wavetorms
of a gate terminal and a drain terminal and a transient wave-
form of a drain current in the oscillator shown 1n FIG. 19;

FIG. 22 1s a circuit diagram showing an oscillator accord-
ing to a third related art; and

FIG. 23 1s a circuit diagram showing an oscillator accord-
ing to a fourth related art.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
=]

ERRED

Hereafter, exemplary embodiments of the present inven-
tion will be described in detail with reference to the accom-
panying drawings.

First Embodiment

FIG. 1 1s a circuit diagram showing a circuit configuration
of an oscillator according to a first embodiment of the mnven-
tion. The oscillator according to the first embodiment
includes a differential amplifier 2 that has two transistors Q1
and Q2 commonly grounded and a pair of resonators 3A and
3B. FEach of the resonators 3A and 3B includes a plurality of
capacitors (C) and an plurality of inductors (L), respectively.
Each resonator 3A and 3B has at least three terminals, that 1s,
a first terminal, a second terminal, and a third terminal. The
first terminals are input terminals n-d1 and n-d2 to input an
output current from the differential amplifier 2. The second
terminals are output terminals n-gl and n-g2 to drive the
differential amplifier 2 using a voltage. Further, the third
terminals are connected to a power supply of the oscillator,
and mclude power supply direct connection terminals n-pl
and n-p2 that directly connect at least some of the elements of
the ditferential amplifier 2 to a power supply VDD and power
supply connections n-al and n-a2 that connect other elements
of the differential amplifier 2 to the power supply or an AC
ground.

The oscillator of the first embodiment connects an output
of one of the transistors (for example, Q1) that composes the
differential amplifier 2 to an input terminal (for example,
n-d1) of one of the resonators (for example, 3A), and iput an
output terminal (for example, n-gl) of the resonator to
another transistor (Tor example, (02) of the differential ampli-
fier, which refers to a feedback loop.

When the transistors Q1 and Q2, which compose the dif-
ferential amplifier, are embodied by a CMOS process, the
output of the differential amplifier 2 serves as a drain termi-
nal, an mput serves as a gate terminal, and a common ground
point serves as a source terminal.

The common source terminal of the differential amplifier
2, which composes the oscillator 1s directly connected with
the ground. The power supply direct connection terminals
n-pl and n-p2 are directly connected to the power supply
VDD without interposing the tail current source therebe-
tween. Even though the power supply direct connection ter-
minals n-pl and n-p2 are directly connected to the power
supply, the terminals do not need to be directly connected to
the power supply VDD, and may be connected to the power
supply with other component therebetween. Otherwise, the
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terminals may be connected to an AC ground point to be
supplied with a voltage that 1s different from the power supply
VDD.

The oscillator according to the first embodiment 1s config-
ured such that a transfer impedance from the mnput terminals
n-d1 and n-d2 of the resonator 3 to the output terminals n-gl
and n-g2 of the resonator 3 (the pair of the resonators 3A and
3B) 1s larger than a drniving-point impedance of the input
terminals n-d1 and n-d2 at an oscillation frequency. In this
case, the input terminals n-d1 and n-d2 of the resonator are
connected with the drain terminals of the transistors Q1 and
Q2 that serve as an output of the differential amplifier 2, and
the output terminals n-gl and n-g2 of the resonator 3 are
connected with the inputs of differential amplifier 2 (gate
terminals of the transistors Q1 and Q2). Theretore, during the
oscillating operation, the oscillation voltage amplitude Vg of
the gate terminals of the transistors Q1 and Q2 becomes
larger, while the oscillation voltage amplitude Vd of the drain
terminals 1s small. Moreover, 1n order to remove the tail
current source (or top current source) that serves as a noise
source, as a connection terminal of the resonator that 1s con-
nected to the power supply, the power supply direct connec-
tion terminals n-p1 and n-p2, which are directly connected to
the power supply VDD without interposing the tail current
source therebetween, are provided.

With the above-described characteristics, in the oscillator
according to the present invention, the oscillation voltage
amplitude of the gate terminals of the transistors Q1 and Q2 1s
larger than the oscillation voltage amplitude of the drain
terminals during the oscillating operation.

Therefore, according to the oscillator having the above
characteristics, the gate terminal voltage amplitude of the
transistors Q1 and Q2 that configures the differential ampli-
fier can become larger than the drain terminal voltage ampli-
tude at a predetermined oscillation frequency. As a result, 1t 1s
possible to prevent the transistor, which 1s oscillating, from
operating 1n a triode region, and deterioration of the Q-factor.
Further, the gate terminal voltage amplitude can be main-
tained to be equal with that of the LC cross-coupled oscillator
that does not have the tail current source. As described above,
the oscillator according to the first embodiment can obtain an
excellent phase noise characteristic.

According to the oscillator of the first embodiment, 1t 1s
turther possible to decrease the triode region operation during
the oscillating operation of the transistor that composes the
differential circuit according to the above-mentioned related
art. This principle will be described with reference to FIG. 2.
A characteristic 50 of FIG. 2 shows a wavelorm and a mag-
nitude of a voltage of the drain terminal of the oscillator
according to the first embodiment. The oscillator according to
the first embodiment makes it possible to reduce the triode
region operating time of the transistor without adjusting the
DC voltage level of the gate terminal by reducing the voltage
amplitude of the drain terminal.

By following this operating principle, it 1s possible to sup-
press the deterioration of the Q-factor that 1s caused by the
reduction of the output resistance of a transistor during the
triode region operating.

As a result, 1t 1s possible to prevent the transistor, which 1s
oscillating, from operating 1n the triode region, suppress the
deterioration of the Q-factor, and make the amplitude of the
gate terminal be equal with that of the LC cross coupled
oscillator that does not have a tail current source. With this
above-described result, the oscillator according to the first
embodiment can have a preferable phase noise characteristic.

It 1s further possible to make the amplitude of the oscillat-
ing voltage of both gate terminals of the differential amplifier
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be equal to that of the LC cross coupled oscillator that does
not have the tail current source while suppressing the dete-
rioration of the QQ-factor and increase the SNR of the drain
current. In addition, since there are no tail current source and
the top current source that serve as the noise source, the noise
factor Fv in Equation 1 by the above mentioned Leeson can be
reduced.

Hereafter, it will be described 1n detail. In the L.C cross
coupled oscillator, a signal current with respect to the gate
voltageV .. and a root-mean-square current I . olthe chan-

nel thermal noise of the transistor will be represented by the
following Equations 4 and 3.

(4)

W 2
Isigna! — KDZ(Vgs — Vi)

IHGI..SE — 2\//(T}’gm (5)

Here, K,, W, L, K, T, and g, indicate a transconductance
parameter, a total gate width, a gate length, the Boltzmann’s
constant, the absolute temperature, and a transconductance,
respectively. Further, v 1s a coelficient of the channel thermal
noise and becomes about 24 1n the long-channel device. The

transconductance g_ 1s represented by the following Equation
6.

(6)

W
Em = QKDZ(VgS — Vin)

1S

Here, 11 Equation 6 1s substituted for Equation 5, I
represented by following Equation 7.

FIOIse

(7)

154
Lroise = QJQ;(T}]KD Z(Vgs — Vin)

If the ratio of Equation 4 and Equation /7 1s taken to derive
the signal-to-noise ratio (SNR), the following Equation 8 will
be obtained.

(3)
SNR =

Isigna.f 1 K'D W (V vV )%
fnaise - 2 ZKT}J, L ® "

According to Equation 8, the SNR of the MOS transistor 1s
improved to have a three-halves power of V ..

The characteristic 400 of FIG. 3 shows the simulation
result that takes the SNR with respect to a gate voltage of the
MOS transistor at a predetermined element value. It 1s further
confirmed that the SNR 1s improved according to the increase
in the gate voltage, from the simulation result of the charac-
teristic 400.

Therefore, according to the first embodiment, 1t 1s possible
to simultaneously satisiy the increase 1n the oscillation ampli-
tude, the removal of the tail current source that serves as the
noise source, and reduction of the distortion of the oscillation
wavelorm without deteriorating the Q-factor of the resonator,
thereby achieving an oscillator that has a low phase noise
characteristic.

The resonator 3 that 1s used for the oscillator according to
the first embodiment includes a plurality of capacitors (C) and
a plurality of inductors (L), respectively. However, each of
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capacitors and inductors may be configured by an open stub
and a short stub that are installed for the impedance matching
of transmission lines such as a microstrip line or a coplanar
waveguide. Moreover, at least a part of the above-mentioned
capacitor and the inductor may be configured by using a
parasitic element that 1s obtained by circuit wiring lines of an
clement or between elements such as transistors.

The output of the oscillator according to the first embodi-
ment may be any one of the drain terminal and the gate
terminal of the differential amplifier that composes the oscil-
lator, or both of them.

Even though the oscillator according to the first embodi-
ment includes an MOS transistor, 1t may include a bipolar
transistor.

The example of the oscillator according to the first embodi-
ment will be described 1n more detail using the drawings as
follows.

Second Embodiment

FI1G. 4 1s a circuit diagram showing an oscillator according
to a second embodiment of the invention. The oscillator
according to the second embodiment 1includes a differential
amplifier 2, and a pair of resonators 3A, 3B that have induc-
tors L (Ls, Lp), and capacitors C (Cs, Cp). Each resonator 3A
and 3B includes parallel resonator units 60A and 60B that
includes an inductor Lp and a capacitor Cp installed between
terminals 10141 and 10142 and terminals 101¢1 and 101¢2,
and series resonator units 70 A and 70B that include the induc-
tor Ls and the capacitor Cs arranged 1n this order as seen from
the terminals 1014 (10141, 10142). The central points of the
inductor Ls and the capacitor Cs of the series resonator unit
become terminals 101g1 and 101g2. The terminals 101¢1 and
101¢2 are one of the third terminals 1n FIG. 1, and are con-
nected with a power supply VDD or an AC ground of the
oscillator. The output terminal of the transistor Q1 that com-
poses the differential amplifier 2 1s connected with an input
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supply connection terminals 101a1 and 10142 or other con-
nection terminals 10151 and 10152.

The frequency characteristic of the resonator 3 will be
described with reference to FIGS. SA, 5B, and 5C. FIG. 5A 1s
a verification circuit diagram showing the AC characteristic
of the resonator 3 according to the second embodiment. The
following Equation represents the AC voltage amplitudes Vd
and Vg of the terminals 1014 and 101g when the alternating
current I 1s input from the terminals 1014 shown 1n FIG. 5A.

That 1s, the following Equation 9 represents the driving-
point impedance of the terminal 1014 when the AC source 1s
connected between the terminals 1014 and 101¢ of the reso-
nator 3, Equation 10 represents a transier impedance from the
terminal 1014 to terminal 101g.

1 L 9
(o s = .
y (g Cp ;
‘T (L, L, L i )y "
N rte T o)\ it e e
p s p Wl pls
‘ 1| L, (10)
wCs| €,
Vg — 'fin
(L Ly L 1
N+ =+ = |- Jellls+—
C, Cs G, w=CpCs

Even though the resistive component of the inductor and
capacitor 1s omitted in Equations 9 and 10 for the sake of
simplicity, 1t 1s not departed from the spirit of the present
ivention.

The resonant frequency of the above-mentioned each reso-
nator 3 has two parallel resonance frequencies and one series
resonance Irequency. The parallel resonance frequencies are
given as frequencies when the imaginary components of the
denominators of Equations 9 and 10 become 0, and are rep-
resented by the following Equation 11.

\ (11)

1
fresan...pam!!e! — E\ 2L L

terminal 10141 of the resonator 3A. An output of the resona- 45

tor 3A 1s output from the terminal 101¢1 and input to the input
terminal of the other transistor Q2. An output of the transistor
Q2 1s connected with the input terminal 10142 of the resona-
tor 3B, similar to the transistor Q1 and the output of the
resonator 3B 1s output from the terminal 101¢2 to be 1input to
the 1nput terminal of transistor Q1. The parallel resonator
units 60A and 60B are provided with power supply direct
connection terminals 101p1 and 101p2 and second power
supply connection terminals 101al and 10142 as connection
terminals to the power supply VDD. The series resonator
units 70A and 70B are provided with connection terminals
10151 and 101542 that are one of the third terminals, as con-
nection terminals to the power supply VDD. The power sup-
ply direct connection terminals 101p1 and 101p2 directly
connect at least the inductor Lp of the parallel resonator unit
60 to the power supply VDD without interposing a tail current
source therebetween. Therefore, the current that 1s supplied to

the inductor Lp 1s not limited, which avoids limiting the
output of the resonator by the tail current source. Meanwhile,
a voltage that 1s different from the power supply voltage, for
instance, a bias voltage may be applied to the second power
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On the other hand, the series resonance frequency 1s given
as a frequency when the numerator of Equations 9 and 10
becomes 0, and represented by the following Equation 12.

1 (12)

2n\ L.C,

fI"E'.SDH ... Series —

Here, 1t 1s noted that while the alternating voltage of the
terminal 1014 1n Equation 9 has a series resonance point
determined by Ls and Cs, the terminal 101¢ does not have the
series resonance point. Therefore, the reactance component
of the terminal 1014 1s subject to the attenuation operation by
a reactance element with the reverse polarity. As a result, 1t 1s
understood that the voltage amplitude of the terminal 101g
becomes larger than the voltage amplitude of the terminal
1014 at the entire frequency region before the serial reso-
nance frequency.

FIGS. 5B and 5C show the transition of the alternating
voltage characteristic and the phase characteristic with
respect to the frequency of the resonator according to the
second embodiment when the verification circuit of FIG. 5A
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1s used. In FIG. 5B, reference numeral 201g denotes the
amplitude characteristic of an alternating voltage of the ter-
minal 1 (101g) shown 1n FIG. 5A, and reference numeral
2014 denotes the amplitude characteristic of an alternating
voltage of the terminal 2 (101d) shown 1n FIG. 5A. Further, in
FIG. 5B, reference numeral 201p denotes the phase charac-
teristic of the terminal 1 (101g) shown in FIG. SA.

Since the capacitors Cp and Cs have high impedances 1n a
low frequency region 1n FI1G. 5B, only the reactance of induc-
tor Lp 1s seen. Therefore, the polarity of the resonator 3
becomes 1nductive. Even though the polarity of the series
resonator unit 70 including of the capacitor Cs and the induc-
tor Ls 1s changed from the capacitive to inductive around the
serial resonance point, the polarity of the serial resonator unit
becomes capacitive at the senial resonance point.

Asthe frequency becomes higher, the inductive impedance
of the inductor Lp becomes equal to the impedance due to a
composite capacitor composed of a serial resonator and the
capacitor Cp. Therefore, the resonator causes the first parallel
resonance. The parallel resonance frequency i1s denoted by
the broken-line 300 shown 1n (a) and (b) of FIG. 3B (first
resonance point 300).

The series resonance 1s caused at a frequency that 1s equal
to the reactance of the series resonator unit including the
capacitor Cs and the inductor Ls when the frequency
increases {rom the parallel resonance. After the serial reso-
nance frequency, the series resonator unit 70 and the resona-
tor 3 become inductive. The series resonance frequency 1s
denoted by the broken line 301 shown in (a) and (b) of FIG.
5B (series resonance point 301).

Finally, at a frequency when a capacitive impedance of the
capacitor Cp 1s equal to a composite inductive impedance of
the series resonator unit 70 that becomes imnductive and the
inductor Lp, the second parallel resonance 1s caused. The
parallel resonance frequency i1s denoted by the broken line
302 shown 1n (a) and (b) of FIG. 5B (second parallel reso-
nance point 302). At a frequency after the second parallel
resonance frequency, the resonator 3 i1s maintained to be
capacitive.

The order when the polarity of the resonator 1s changed into
inductive or capacitive 1s fixed even 1 elements that compose
the resonator 3 have any value. That 1s, 1t 1s understood that
the first parallel resonance frequency shown by the first par-
allel resonance point 300 1s always lower than the series
resonance frequency shown by the series resonance point
301. Theretfore, the oscillator that includes the resonator 3
according to the second embodiment can make the oscillation
voltage amplitude 201g of the gate terminal larger than the
oscillation voltage amplitude 2014 of the drain terminal when
oscillating at the first parallel resonance frequency.

By the above-described operation, 1t 1s possible to reduce
the operating time of the transistor in the triode region without
adjusting the DC voltage level of the gate terminal, like the
oscillator according to the related art. Therefore, it 1s further
possible to suppress the deterioration of the Q-factor that 1s
caused by the decrease of the output resistance of the transis-
tor 1n the triode region.

It 1s possible to simultaneously satisiy the increase i the
oscillation amplitude, the removal of the tail current source
(or top current source) that serves as the noise source, and
reduction of the distortion of the oscillation waveform with-
out deteriorating the QQ-factor of the resonator (those are the
trade-oil in the related art), and thus achieve an oscillator that
has a low phase noise characteristic.

Moreover, 11 the following method 1s adopted, the effect of
the second embodiment can be further improved. The ele-
ment values of the inductors Ls and Lp, and the capacitors Cs
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and Cp are adjusted by using the characteristic when the
resonance points of the above-mentioned resonator 3 are

fixed 1n the order of the parallel resonance point, the series
resonance point, and the parallel resonance point, and the
series resonance point 301 1s arranged close to the first par-
allel resonance point 300. As a result, 1t 1s further possible to
increase the amplitude ratio of the oscillation voltage ampli-
tude 201g of the gate terminal and the oscillation voltage
amplitude 2014 of the drain terminal.

Moreover, the first parallel resonance (ifrequency) point
300 may be separated from the second resonance (frequency)
point 302 by adjusting the above-mentioned element values.
The loop gain of the oscillator at the second parallel reso-
nance frequency can become sufliciently smaller than 1 by
setting the second resonance frequency 302 to be larger than
the cutoll frequency of the transistor that composes the dif-
terential amplifier, and the oscillator can be stably oscillated
at the first resonant frequency 300.

FIG. 53C shows a transfer impedance from the terminal
2014 of the resonator to the terminal 201g and the driving-
point impedance of the terminal 2014 when a resonator has
the following element values 1n the oscillator according to the
second embodiment: Cs=70 1F, Cp=70 {F, Ls=125 pH, and
Lp=75 pH. Further, in FIG. 35C, reference numeral 211g
denotes the amplitude characteristic of an alternating voltage
of the terminal 1 (101g) shown 1 FIG. 5A, and reference
numeral 211d denotes the amplitude characteristic of an alter-
nating voltage of the terminal 2 (101d) shown 1n FIG. 5A. In
this embodiment, the oscillation voltage amplitude 211g of
the gate terminal can be larger than the oscillation voltage
amplitude 2114 of the drain terminal when oscillating at the
first parallel resonance frequency.

Moreover, FIG. 6 shows a simulation result of the oscilla-
tion voltage wavelorm 221d of the drain terminal, the oscil-
lation voltage wavetorm 221¢g of the gate terminal, and the
current wavetorm 231d of the drain terminal when the reso-
nator 3 having the above-described element values 1s used in
the oscillator according to the second embodiment. The oscil-
lator according to the second embodiment can reduce the
operating time of the transistor 1n the triode region by making
the voltage amplitude of the drain terminal smaller, without
adjusting the DC voltage level of the gate terminal. Therefore,
the Q-Tactor of the resonator may not be deteriorated.

Therefore, according to the second embodiment, 1t 15 pos-
sible to simultaneously satisty the increase in the oscillation
amplitude, the removal of the noise source, and the reduction
of the distortion of the oscillation wavetorm without deterio-
rating the Q-factor of the resonator, thereby achieving an
oscillator that has a low phase noise characteristic.

Third Embodiment

FIG. 7 1s a circuit diagram that shows an oscillator accord-
ing to a third embodiment of the mvention. The oscillator
according to the third embodiment includes a differential
amplifier 2, and resonators 3A, 3B each having inductors Lp
and Ls, and capacitors Cp and Cs. The resonators 3A, 3B
include parallel resonator units 60A and 60B that include the
inductor Lp and the capacitor Cp installed between terminals
10241 and 10242 and terminals 102g1 and 102g2, and series
resonator units 80 A and 80B that include the capacitor Cs and
the inductor Ls in this order as seen from each of the terminals
10241 and 10242. The central points of the capacitor Cs and
the inductor Ls 2 of the series resonator units 80 (80A, 80B)
become terminals 102¢g. The output terminal of the transistor
Q1 that composes the differential amplifier 1s connected with
an mput terminal 10241 of the resonator 3A, 1s output from
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the terminal 102g1 of the series resonator unit 80A of the
resonator 3A and connected to the input terminal of the other
transistor Q2. An output of the transistor Q2 1s connected with
the resonator 3B, similar to the transistor Q1 and the output of
the resonator 3B 1s output from the terminal 102¢2 of the
series resonator unit 80B to be connected to the input terminal
of transistor Q1. The parallel resonator units 60A and 60B are
provided with power supply direct connection terminals
102p1 and 102p2 and second power supply connection ter-
minals 102a1 and 10242 as connection terminals to the power
supply VDD. The series resonator umts 80A and 80B are
provided with connection terminals 10251 and 10252 as con-
nection terminals to the power supply VDD.

The same verification as that n FIG. 5 of the second
embodiment 1s performed 1n order to show the transier char-
acteristic of the resonator 3 that composes the oscillator
according to the third embodiment. Equations 13 and 14
represent alternating voltage amplitudes of the terminal 1024

and the terminal 102g when the alternating current I, 1s input
from the resonator terminal 1024 of third embodiment.

‘( 1 ) L, (13)
—wl |- =
y w C, ;
=L L, L 1 S
jl= + = + = |- jlew?L, L, +
C, Cs C, g w2 C,C;
L 14
|f/"-*’Ls|'_jiEl ( )
V. = Cr ]
£ L, L, L, 1 "
jl=+ =2+ —|-jlew?L, L +
c, Cs G, T WG, G

According to Equation 13, the terminal 1024 of the reso-
nator has the same equation as Equation 9, and the denomi-
nator 1s the same as the resonator 3 of the second embodiment.
Therefore, the resonator has two parallel resonance points
and one series resonance point and the order of the capacitive
and the inductivity of the frequency and impedance appear 1s
the same as the resonator 3 of the second embodiment.

From Equations 13 and 14, after the series resonance fre-
quency, the voltage amplitude of the terminal 102¢g 1s always
larger than the voltage amplitude of the terminal 1024. That
1s, the oscillator according to the third embodiment that has
the above-mentioned resonator 3 can make the oscillation
voltage amplitude of the gate terminal larger than the oscil-
lation voltage amplitude of the drain terminal when oscillat-
ing at the second parallel resonance point. Therefore, with
this circuit configuration according to the third embodiment,
the phase noise can be reduced.

Similar to the second embodiment, the element values of
the inductors Ls and Lp, and the capacitors Cs and Cp, which
compose the resonator 3, are adjusted by using the character-
1stic that the resonance points of the above-mentioned reso-
nator 3 are fixed in the order of the parallel resonance point,
the series resonance point, and the parallel resonance point,
and the series resonance point 301 of FIG. 5B 1s arranged
close to the second parallel resonance point 302. As a result,
it 1s further possible to increase the amplitude ratio of the
oscillation voltage amplitude of the gate terminal and the
oscillation voltage amplitude of the drain terminal.

Moreover, the first parallel resonance point 300 may be
separated from the second resonance point 302 by adjusting
the above-mentioned element values. The alternating voltage
values of the terminal 102¢g of the resonator 3 are 1n propor-
tion to the value of Ls and have the small value 1n the low
frequency region. The higher the frequency 1s, the larger the
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alternating voltage values are. Therelore, the first parallel
resonance Irequency 300 and Ls of the resonator 3 are set

such that the loop gain of the oscillator at the first parallel
resonance irequency 300 1s sulfficiently smaller than 1, and
thus the oscillator can be stably oscillated at the second reso-
nance frequency 302.

FIG. 8 shows a simulation result of frequency characteris-
tic of the alternating voltage amplitude 2124 of the drain
terminal 1024 (terminal 1) and the alternating voltage ampli-
tude 212g of the gate terminal 102¢ (terminal 2) when the
clement values of the resonator 1n the oscillator according to
the third embodiment are adjusted as follows: Cs=100 {F,
Cp=300 {F, Ls=250 pH, and Lp=150 pH. The relationship
between the alternating voltage amplitude 2124 and the alter-
nating voltage amplitude 212¢g of the gate terminal reverses as
compared with the second embodiment (FIG. 5C), and the
oscillation voltage amplitude 212g of the gate terminal may
be larger than the oscillation voltage amplitude 2124 of the
drain terminal when oscillating at the second parallel reso-
nance frequency 302 (about 40 GHz 1n the example of FIG.
8).

Further, FIG. 9 1s a simulation result of the oscillation
voltage waveiorm 2224 of the drain terminal, the oscillation
voltage wavelorm 222¢g of the gate terminal, and the oscilla-
tion current wavelorm 232d of the drain terminal 1n the oscil-
lator. The oscillator according to the third embodiment can
reduce the operating time of the transistor in the triode region
by making the voltage amplitude of the drain terminal
smaller, without adjusting the DC voltage level of the gate
terminal. Therefore, the Q-factor of the resonator does not
become deteriorated.

According to the third embodiment, 1t 1s possible to simul-
taneously satisiy the increase 1n the oscillation amplitude, the
removal of the noise source, and the reduction of the distor-
tion of the oscillation waveform without deteriorating the
Q-factor of the resonator, and thus achieve an oscillator that
has a low phase noise characteristic.

First Modification

Next, FIG. 10 shows an example of an oscillator that 1s
modified from the oscillator according to the third embodi-
ment and 1ncludes a resonator 3 1n which the inductor Lp of
the parallel resonator unit and the inductor Ls of the series
resonator unit are used as differential inductors. This oscilla-
tor 1s configured such that a gate bias voltage of the transistors
Q1 and Q2 1s applied from the terminal n-b connected with
the central point of the inductor Ls of the series resonator unit,
and the power supply voltage VDD 1s applied from the ter-
minal n-p connected with the central point of the inductor Lp
of the parallel resonator unit. With this configuration, 1t 1s
possible to independently set the gate bias voltage from the
power supply voltage VDD. As a result, 1t 1s possible to easily
design the oscillation frequency of the oscillator and the
consumed current.

Fourth Embodiment

FIG. 11 1s a circuit diagram showing an oscillator accord-
ing to a fourth embodiment of the invention. The resonators 4
(4A, 4B) that composes the oscillator 1s mutually inductively
coupled to the inductors Lp and Ls that composes the reso-
nator 3 of the oscillator according to the second embodiment.

An output terminal of a transistor Q1 that composes a
differential amplifier 2 1s connected with an input terminal
10341 of the resonator 4 A, and an output of the resonator 4A
1s output from a terminal 103¢1 and connected with an mnput
terminal of the other transistor (Q2. An output of the transistor
Q2 1s connected to the mput terminal 10342 of the resonator
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4B, similar to the transistor Q1. An output of the resonator 4B
1s output from the terminal 10322 and connected to the input
terminal of the transistor Q1. The parallel resonator units A
and B are provided with power supply direct connection
terminals 103p1 and 103p2 and second power supply con-
nection terminals 1034l and 10342 as connection terminals
to the power supply VDD. The series resonator units A and B
are provided with connection terminals 10351 and 10352 as
connection terminals to the power supply VDD.

The frequency characteristic of the resonator 3 will be
described with reference to FIGS. 12A, 12B, and 12C. FIG.
12 A 1s a verification circuit diagram showing the AC charac-
teristic of the resonator 4. Reference numeral 103g of FIG.
12B denotes an alternating voltage amplitude of the terminal
1034 when the magnitude of an mutual inductance M 1s
changed 1n FIG. 12A. Further, reference numeral 213g of
FIG. 12C denotes the amplitude characteristic of the alternat-
ing voltage of the terminal 1 (103¢g) of FIG. 12A, and refer-
ence numeral 213d denotes the amplitude characteristic of the
alternating voltage of the terminal 2 (1034d) of FIG. 12A.

The following Equations 15 and 16 represent the alternat-
ing voltage amplitudes of the terminal 1034 and the terminal
103g when the alternating current I 1s input from the termi-

nal 1034 of FIG. 12A.

Lp{ L M* }
. Jo|Ls — —
C, | JwCs L,
D=
L, L MY Li-M 1
—e?(LL, — M?) + —p+—p(1——]+ - -
@ sl = M) {CS c,\" L) C, 02C,C,
Lp{ 1 (1 M]}
v C, | jwC\" L,
© L, L,(. MY L-M L
—w?(LsL, — M) +{ =2 + Z[1 - — -
Cs G, L, C, w*CsCp

Here, M of Equations 15 and 16 indicates the mutual induc-
tance of Ls and Lp, and 1s represented by Equation 17 when
using a coupling coelficient K. The coupling coetlicient K
represents the degree of coupling of the magnetic field of Ls
and Lp, and has negative or positive polarity according to the
direction where magnetic fields are coupled.

M=KYT L (but, K=x1)

According to Equation 17, when the mutual inductance M
has a negative value, that 1s, the coupling coellicient 1s nega-
tive, 1f the capacitors Cp and Cs and the mnductors Lp and Ls
that compose the resonator 4 have the same value, the alter-
nating voltage value of the terminal 103 ¢ of the resonator 4 1s
always larger than the voltage of the terminal 101¢ of the
resonator 3 in the second embodiment. Meanwhile, the alter-
nating voltage value of the terminal 1034 1s always smaller
than the voltage of the terminal 1014 of resonator 3 1n the
second embodiment regardless of the positive or the negative
value of the mutual inductance M.

That 1s, the oscillator having the resonator 4 with the same
clement values as the second embodiment according to the
fourth embodiment can increase the ratio of the gate voltage
amplitude value and the drain terminal voltage amplitude
value, which 1s the advantage of the invention.

The increase 1n the above-mentioned voltage of the termi-
nal 103g means the increase in the Q-factor of the terminal
103¢. That 1s, the oscillators according to the fourth embodi-
ment satisfies the four factors: (1) increase in oscillation
amplitude, (2) increase 1n Q of a resonator, (3) reduction of
the noise factor caused by the thermal noise of a transistor and

(17)
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a resistor, and (4) lowering of the distortion of an oscillation
wavelform, which are derived from Equations 1 and 2.

In addition, as shown in FIG. 12B, the resonator with a
negative mutual inductance has an effect that expands the
frequency between the resonant frequencies of the first par-
allel resonance point and the second parallel resonance point
compared with the resonator according to the second embodi-
ment that has the same element values of the inductors Ls and
Lp, and the capacitors Cs and Cp. With this effect, 1t 1s easy to
dispose the second parallel resonance point 1 a higher fre-
quency region than the cutoil frequency of the transistor, and
thus the oscillator can be stably oscillated at the first parallel
resonance frequency.

Moreover, the resonator according to the fourth embodi-
ment uses the mutual inductance M by disposing the induc-
tors Lp and Ls close to each other. Therefore, the two induc-
tors Lp and Ls may be mounted in one inductor mounting
area. As a result, it 1s possible to reduce an area for one
inductor, and when the inductor 1s integrated in an IC chip, 1t
results 1n low cost.

FIG. 12C shows a transfer impedance from the terminal
103d of the resonator to the terminal 103 g and the stmulation
result of the frequency characteristic of the driving-point
impedance of the terminal 1034 when the element values of

(15)

(16)

the resonator 1n the oscillator according to the fourth embodi-
ment are adjusted as follows: Cs=60 1F, Cp=70 1F, Ls=60 pH,
Lp=60 pH, and the coupling coetlicient K 1s —0.6. As shown
in FIG. 12C, the oscillator according to the fourth embodi-
ment can improve the ratio of the gate voltage amplitude
value and the drain terminal voltage amplitude value, which 1s
an advantage of the invention.

Next, with reference to FIGS. 13A and 13B, the effect that
reduces the mounting area in the IC chip by disposing the
inductors Lp and Ls of the pair of resonators to be closer to
cach other and using the mutual inductance M will be
described. First, FIG. 13 A shows an example of the layout
when the oscillator shown in FIG. 10 1s mtegrated in the IC
chip. As shown 1n FIG. 13 A, the inductor Lp of the resonator
1s disposed above the IC chip and the inductor Ls 1s disposed
below the IC chip. The elements of the resonators or the
transistors Q1 and Q2 may be arranged between the inductors
Lp and Ls or at the periphery thereof. As an example, the
length L1 of the IC chip 1s 670 um and the width W1 1s 210
L.
Next, FIG. 13B shows an example of the layout when the
oscillator (which 1s functionally the same as the oscillator
shown 1n FIG. 10) shown 1n FIG. 11 1s integrated in the IC
chip. As shown 1n FIG. 13B, the usage area can be reduced by
disposing the inductors Lp and Ls of the pair of resonators 1n
the same area. The capacitor Cs has been achieved by a

parasitic capacitor Cgs of the transistor Q1. For example, the
length 1.2 of the IC chip 1s 120 um, and the width W2 1s 105
um. According to the layout shown 1n FIG. 13B that uses the
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mutual inductance M, the area decreases to V11 of the layout
of FIG. 13A, that 1s, the area 1s significantly reduced in the IC
chup.

Second Modification

Next, the modification of the fourth embodiment according
to the invention will be described. A resonator 5 that has a
negative mutual inductance M of the inductors Lp and Ls of
the pair of resonators according to the fourth embodiment
connects a drain terminal having a reversed phase of the
differential amplifier 2 and the inductor Lp of one of resona-
tors, and can be easily obtained by positively magnetically
coupling the inductor Lp to the inductor Ls of the other
resonator, as shown in FIG. 14.

That s, 1f the inductors and the capacitors corresponding to
the resonator 4A shown 1n FIG. 11 are denoted by Lsa, Lpa,
Csa, and Cpa, respectively, and the inductors and the capaci-
tors corresponding to the resonator 4B are denoted by Lsb,
Lpb, Csb, and Cpb, 1mn FIG. 14, the resonator 5 includes
inductors Lpa, Lsb, Lsa, and Lpb that are sequentially
arranged 1n the horizontal direction, capacitors Cpa and Cpb
that are sequentially arranged in the horizontal direction
below the inductors, and capacitors Csb and Csa that are
arranged 1n the horizontal direction below the capacitors Cpa
and Cpb. The inductors Lpa and Lsb and the inductors Lsa and
Lpb are positively magnetically coupled. Further, the termi-
nals n-p1, n-p2, n-al, n-a2, n-d1, n-d2, n-gl, n-g2, n-b1, and
n-b2 are connected with the power supply as shown in FIG.
14.

In this modification, the power supply direct connection
terminals n-p1 and n-p2 are connected with the power supply

5

10

15

20

25

18

Fifth Embodiment

FIG. 15 1s a circuit diagram showing an oscillator accord-
ing to a fifth embodiment of the imnvention. Resonators 6 (6 A,
6B) that compose the oscillator 1s configured to be mutually
inductively coupled to the inductors Lp and Ls that compose
the resonator 3 (3A, 3B) according to the third embodiment.

An output terminal of the transistor Q1 that composes a
differential amplifier 2 1s connected to an input terminal
10441 of the resonator 6 A, and an output of the resonator 6 A
1s output from the terminal 104¢1 and mput to the mput
terminal of the other transistor Q2. An output of the transistor
(2 output 1s input to an input terminal 10442 of the resonator
6B, similar to the transistor Q1, and an output of resonator 6B
1s output from a terminal 104g2 and mput to the input terminal
of the other transistor Q1. The parallel resonator units A and
B are provided with power supply direct connection terminals
103p1 and 103p2 and second power supply connection ter-
minals 103al and 10342 as connection terminals to the power
supply VDD. The series resonator units A and B are provided
with connection terminals 103561 and 10352 as connection
terminals to the power supply VDD.

The verification similar to that shown by FIG. 12A of the
fourth embodiment 1s performed 1n order to show the transter
characteristic of the resonator 6 that composes the oscillator
according to the fifth embodiment. The following Equations
18 and 19 represent alternating voltage amplitudes of the
terminal 1044 and the terminal 104g when the alternating
current I, 1s input from the terminal 1044 of the resonator 6
according to the fifth embodiment.

L M* 1 (18)
j—Lo| L — — |-
C, L, | wC,
Vp = Ly,
L, L, MY Li-M 1
—w(lL, - M)+ —+ —|1-— |+ —
C, C, L, C, w*CsCp
L, . M? 1 M (19)
o bt N VS
Ve =

VDD, and the commonly grounded terminals of the transis-
tors Q1 and Q2 of the differential amplifier 2 are directly
connected with the ground terminal. Further, the transfer
impedance from the mput terminals n-d1 and n-d2 of the
resonator 3, to which drain terminals of the transistors Q1 and
Q2 serving as outputs of the differential amplifier 2 are con-
nected, to the output terminals n-gl and n-g2 of the resonator
5, to which inputs of the differential amplifier 2 (gate termi-
nals of the transistors Q1 and Q2) 1s connected, becomes
larger than the driving-point impedance of the input terminals
n-d1 and n-d2 at the oscillation frequency. Therefore, during,
the oscillating operation, the oscillation voltage amplitude Vg
of the gate terminals of the transistors Q1 and Q2 becomes
large, and the oscillation voltage amplitude Vd of the drain
terminal becomes small.

Theretfore, according to the second modification, 1t 1s pos-
sible to simultaneously satisty the increase in the oscillation
amplitude, the removal of the noise source, and the reduction
ol the distortion of the oscillation wavetorm without deterio-
rating the Q-factor of the resonator, thereby achieving an
oscillator that has a low phase noise characteristic. It 1s further
possible to significantly reduce the area 1n the I1C chip.
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Here, M refers a mutual inductance of the inductors Lp and
Ls, similar to the fourth embodiment.

I1 the mutual inductance M 1s negative, the second term of
the numerator in Equation 19 1s changed to be positive. There-
fore, the alternating voltage value of the terminal 104g
exceeds the voltage of the terminal 1044 1n a frequency range
that 1s higher than the series resonance frequency.

Moreover, similarly to the fourth embodiment, the resona-
tor 6 with a negative mutual inductance has an effect that
expands the frequency between the resonant frequencies of
the first parallel resonance point 300 and the second parallel
resonance point 302 compared with the resonator 3 according
to the third embodiment that has the same element values of
the inductors Ls and Lp, and the capacitors Cs and Cp. With
this effect, 1t 1s easy to allow the first parallel resonance
frequency 300 to have a value such that the loop gain of the

oscillator 1s sufliciently smaller? than 1 at the first parallel
resonance frequency 300, as compared with the third embodi-
ment, and thus the oscillator can be stably oscillated at the
second parallel resonance frequency 302.

In the meantime, when the mutual inductance M 1s posi-
tive, the series resonance point 1s generated in the terminal
1049 of the resonator 6. As represented by Equation 17, since
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the mutual inductance M 1s not larger than the inductance of
Lp and Ls, a ratio M/Lp of the mutual inductance M and the

inductance Lp of the second term of the numerator 1n Equa-
tion 19 1s always 1 or smaller. That 1s, the value of the numera-
tor of Equation 19 becomes 0 at a lower frequency than that of
the numerator of Equation 18. This means that the series
resonance Ifrequency of the terminal 104¢ 1s always lower
than the series resonance frequency of the terminal 1044

By approaching the series resonance point of the terminal
104¢ to the first parallel and serial resonance frequencies of
the resonator 6 in the fifth embodiment, the value of the
numerator of Equation 19 at the first parallel resonance point
may be close to 0, and the alternating voltage of the terminal
1044 can have very small value. Therefore, it 1s possible to
make the loop gain of the oscillator significantly smaller than
1 at the first parallel resonance frequency using the element
values of the resonator set as the above and the mutual induc-
tance M, and thus the oscillator can be stably oscillated at the
second resonance frequency.

FIG. 16 shows the frequency characteristic 214g of the
alternating voltage of the terminal 104¢ (terminal 1) and the
frequency characteristic 2144 of the alternating voltage of the
terminal 1044 (terminal 2) when the element values of the
oscillator according to the fifth embodiment are set as fol-
lows: Cs=200 {F, Cp=100 {F, Ls=250pH, Lp=150 pH, and the
coupling coefficient K 15 0.3. As shown 1n FIG. 16, according
to the fifth embodiment, even though the difference between
the first parallel resonance frequency and the second reso-
nance frequency does not expand, the difference between the
first parallel resonance frequency and the oscillation ampli-
tude of the alternating voltage at the second resonance ire-
quency can be enlarged when considering the frequency char-
acteristic 214g. Therefore, the oscillator can be stably
oscillated at the second resonance frequency.

Theretfore, according to the fifth embodiment, 1t 1s possible
to simultaneously satisiy the increase 1n the oscillation ampli-
tude, the removal of the tail current source that serves as the
noise source, and the reduction of the distortion of the oscil-
lation waveform without deteriorating the Q-factor of the
resonator, thereby achieving an oscillator that has a low phase
noise characteristic.

Sixth Embodiment

FI1G. 17 1s a circuit diagram showing an oscillator accord-
ing to a sixth embodiment of the mvention. The capacitors
and the imnductors that compose the resonator according to the
sixth embodiment are configured by open stubs and short
stubs that are installed 1n transmission lines such as a micros-
trip line or a coplanar waveguide of elements of the resonator.
Resonators 7 (7A, 7B) include a parallel resonator unit that
includes mput terminals n-d1 and n-d2, output terminals n-g1
and n-g2 that drives a diflerential amplifier using a voltage, an
inductor Lp and a capacitor Cp connected between the input
and output terminals, and a serial resonator unit that includes
a capacitor Cs and an inductor Ls arranged 1n this order as
seen from the input terminals n-d1 and n-d2. The central point
ol the capacitor Cs and the inductor Ls of the series resonator
unit serves as an output terminal. The resonators 7A and 7B
turther includes power supply direct connection terminals
n-pl and n-p2 that are directly connected to the power supply
VDD, other connection terminals n-bl and n-b2 that are
connected to the power supply Vdd, and connection terminals
n-al and n-a2 such as power supply that are connected to an
alternating ground point.

The oscillator according to the sixth embodiment has a
teedback loop that connects an output of one of transistors
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(for example, transistor Q1) that composes the differential
amplifier 2 to the iput terminal (for example, input terminal
n-d1) of one of the resonators (for example, resonator 7A),
and inputs the output terminal (for example, n-gl) of the
resonator to the other transistor (for example, transistor (Q2)
of the differential amplifier.

Further, the inductors Lp and Ls can be achieved by a short
stub with a transmission line of the length of A/4 or less.
Furthermore, the capacitor Cp can be achieved by an open
stub with a transmission line of the length of A/4 or less. The
capacitor and the inductor may be configured by using a
parasitic element that 1s caused 1n elements such as a transis-
tor, between elements, or circuit wiring lines.

The oscillator according to the sixth embodiment 1s con-
figured such that a transfer impedance from the mput termi-
nals n-d1 and n-d2 of the resonator 7 to the output terminals
n-g1 and n-g2 of the resonator 7 1s larger than a driving-point
impedance of the mput terminals n-d1 and n-d2 at an oscil-
lation frequency. In this case, the mput terminals n-d1 and
n-d2 of the resonator 7 are connected with the drain terminals
of the transistors Q1 and Q2 that serve as an output of the
differential amplifier 2, and the output terminals n-gl and
n-g2 of the resonator 7 are connected with the inputs of
differential amplifier 2 (gate terminals of the transistors Q1
and Q2). Further, 1n order to remove the tail current source (or
top current source) that serves as a noise source, the power
supply direct connection terminals n-pl and n-p2 that are
directly connected to the power supply VDD without inter-
posing the tail current source therebetween are provided as an
clement for directly connecting the inductor Lp of the parallel
resonator unit to the power supply.

Therefore, according to the sixth embodiment, 1t 1s pos-
sible to simultancously satisty the increase in the oscillation
amplitude, the removal of the noise source, and the reduction
ol the distortion of the oscillation wavetorm without deterio-
rating the Q-factor of the resonator, thereby achieving an
oscillator that has a low phase noise characteristic.

Seventh Embodiment

The LC cross-coupled oscillator according to the above
embodiments 1s suitable for an oscillator of a transmitter
circuit or a receiver circuit in a communication system that
includes a transmitter, a receiver, a baseband circuit, and an
antenna. Specifically, by integrating a transmitter or a
receiver that includes an oscillator having a resonator with a
mutual inductance M that has a negative polarity of the induc-
tor Lp of the parallel resonator unit and the inductor Ls of the
series resonator unit in an IC chip, it 1s possible to achieve low
power consumption and low cost of a communication system
with a reduced size. It 1s further possible to improve the
communication distance by better low phase noise character-
istic (specifically, in a millimeter wave band).

What 1s claimed 1s:

1. An oscillator comprising:

a differential amplifier that includes a pair of transistors
commonly grounded; and

a pair of resonators each of which includes a first terminal,
a second terminal, and a third terminal,

wherein each of the resonators 1s configured by a feedback
loop 1n which the first terminal, 1s connected to an output
terminal of one of the transistors of the differential
amplifier, and the second terminal 1s connected to an
input terminal of the other transistor of the differential
amplifier,

wherein, 1 each of the resonators, a transfer impedance
from the first terminal connected to the output terminal
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ol the one transistor to the second terminal connected to
the input terminal of the other transistor 1s larger than a
driving-point impedance of the first terminal at an oscil-

lation frequency,

wherein each resonator includes, between the first terminal
and a power supply terminal, a parallel resonator unit 1n
which an inductor and a capacitor are connected 1n par-
allel and a series resonator unit 1n which an inductor and
a capacitor are connected 1n series,

wherein a central point of the inductor and the capacitor of
the series resonator unit of each resonator 1s configured
as the second terminal of the resonator, and

wherein each resonator includes the series resonator unit in

which the imnductor and the capacitor are connected in
sertes 1n this order as seen from the first terminal,
between the first terminal and the power supply termi-
nal.

2. The oscillator according to claim 1, wherein terminals of
the differential amplifier that are commonly grounded are
directly connected to a ground terminal.

3. The oscillator according to claim 1, wherein the third
terminal of each resonator 1s directly connected to the power
supply terminal.

4. The oscillator according to claim 1, wherein one of the
first terminal and the second terminal of each resonator 1s
configured to be an output terminal.

5. The oscillator according to claim 1, wherein each reso-
nator includes a power supply connection terminal that
directly connects the inductor of the parallel resonator unit to
the power supply, as the third terminal.

6. The oscillator according to claim 1, wherein the inductor
of the series resonator unit and the imductor of the parallel
resonator unmt of each resonator are mutually inductively
connected.

7. The oscillator according to claim 6, wherein a mutual
inductance of the inductor of the series resonator unit and the
inductor of the parallel resonator unit 1s negative.

8. The oscillator according to claim 6, wherein the inductor
ol the series resonator unit of one of the resonators 1s con-
nected to a drain terminal having a reversed phase of the
differential amplifier, and

wherein the inductor of the series resonator unit 1s posi-

tively magnetically coupled to the inductor of the paral-
lel resonator unit of the other resonator.

9. An oscillator comprising:

a differential amplifier that includes a pair of transistors

commonly grounded; and
a pair of resonators each of which includes a first terminal,
a second terminal, and a third terminal,

wherein each of the resonators 1s configured by a feedback
loop 1n which the first terminal 1s connected to an output
terminal of one of the transistors of the differential
amplifier, and the second terminal 1s connected to an
input terminal of the other transistor of the differential
amplifier,

wherein, 1n each of the resonators, a transfer impedance

from the first terminal connected to the output terminal
ol the one transistor to the second terminal connected to
the input terminal of the other transistor 1s larger than a
driving-point impedance of the first terminal at an oscil-
lation frequency,

wherein each resonator includes, between the first terminal

and a power supply terminal, a parallel resonator unit 1n
which an inductor and a capacitor are connected 1n par-
allel and a series resonator unit 1n which an inductor and
a capacitor are connected 1n series,
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wherein the inductor of the series resonator unit and the
inductor of the parallel resonator unit are configured as
differential inductors,

wherein a central point of the inductor and the capacitor of

the series resonator unit of each resonator 1s connected
to the 1nput terminal of the pair of transistors,

wherein the central point of the inductor of the parallel

resonator unit of each resonator 1s connected to the
power supply terminal, and

wherein each resonator includes the series resonator unit 1n

which the inductor and the capacitor are connected 1n
series 1n this order as seen from the first terminal,
between the first terminal and the power supply termi-
nal.

10. An oscillator comprising:

a differential amplifier that includes a pair of transistors

commonly grounded; and
a pair of resonators each of which includes a first terminal,
a second terminal, and a third terminal,

wherein each of the resonators 1s configured by a feedback
loop 1n which the third terminal 1s connected to a power
supply terminal, the first terminal 1s connected to an
output terminal of one of the transistors of the differen-
tial amplifier, and the second terminal 1s connected to an
input terminal of the other transistor of the differential
amplifier,

wherein each of the resonators comprises, between the first

terminal and the power supply terminal:

a parallel resonator unit in which an inductor and a capaci-

tor are connected 1n parallel; and

a series resonator unit in which an inductor and a capacitor

are connected 1n series:
wherein terminals of the diflerential amplifier that are com-
monly grounded are connected to a ground terminal,

wherein a central point of the inductor and the capacitor of
the series resonator unit of each resonator 1s configured
as the second terminal of the resonator, and

wherein each resonator includes the series resonator unit 1n

which the inductor and the capacitor are connected 1n
series 1n this order as seen from the first terminal,
between the first terminal and the power supply termi-
nal.

11. The oscillator according to claim 10, wherein the
inductor of the series resonator unit and the inductor of the
parallel resonator unit of each resonator are mutually induc-
tively connected.

12. The oscillator according to claim 11, wherein the
capacitor and the imnductor are configured by an open stub and
a short stub that compose a transmission line of the resona-
tors.

13. The oscillator according to claim 11, wherein the dif-
terential amplifier and the resonators are formed in an IC
chip, and

wherein the inductor of the series resonator unit and the

inductor of the parallel resonator unit that are mutually
inductively coupled are arranged 1n the same area of the
IC chip.

14. The oscillator according to claim 11, wherein, 1n each
ol the resonators, a transfer impedance from the first terminal
connected to the output terminal of the one transistor to the
second terminal connected to the mput terminal of the other
transistor 1s larger than a driving-point impedance of the first
terminal at an oscillation frequency.

15. A communication system comprising:

a transmitter circuit;

a recelver circuit;

a baseband circuit; and
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an antenna,

wherein at least one of the transmitter circuit and the
recetver circuit includes an oscillator,

wherein the oscillator comprises:

a differential amplifier that includes a pair of transistors
commonly grounded; and

a pair of resonators that includes a first terminal, a second
terminal, and a third terminal,

wherein each of the resonators 1s configured by a feedback
loop 1n which the third terminal 1s connected to a power
supply terminal, the first terminal 1s connected to an
output terminal of one of the transistors of the differen-
tial amplifier, and the second terminal 1s connected to an
input terminal of the other transistor of the differential
amplifier,

wherein, 1n each of resonators, a transier impedance from
the first terminal connected to the output terminal of the
one transistor to the second terminal connected to the
input terminal of the other transistor 1s larger than a
driving-point impedance of the first terminal at an oscil-
lation frequency,

wherein terminals of the differential amplifier that are com-
monly grounded are connected to the ground terminal,
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wherein each resonator includes, between the first terminal
and a power supply terminal, a parallel resonator unit 1n
which an inductor and a capacitor are connected 1n par-
allel and a series resonator unit in which an inductor and
a capacitor are connected 1n series,

wherein a central point of the inductor and the capacitor of
the series resonator unit of each resonator 1s configured
as the second terminal of the resonator, and

wherein each resonator includes the series resonator unit 1n

which the inductor and the capacitor are connected 1n
series 1n this order as seen from the first terminal,
between the first terminal and the power supply termi-
nal.

16. The communication system according to claim 15,
wherein the differential amplifier and the resonators are
formed 1n an IC chip, and wherein the inductor of the series
resonator unit and the inductor of the parallel resonator unit
that are mutually inductively coupled are arranged in the
same area of the IC chip.
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